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SUBSTITUTE SPECIFICATION WITH MARKINGS 

BACKGROUND OF THE INVENTION 

This invention relates to a semiconductor device as typified by a semiconductor 
memory device, its fabrication method and its design method. More particularly, the 
present invention relates to a semiconductor device suitable for a high [integrated] 
integration density semiconductor device, its fabrication method and its design method. 

In the development of a high [integrated] integration density semiconductor 
device, [how to form in a reduced] efforts at reducing the size of a device isolation 
region for electrically isolating adjacent device formation regions has been a. critical 
problem. 

A thermal oxide film has been generally used for forming this device isolation 
region. To locally form the thermal oxide film, a silicon nitride film is deposited on the 
surface of the device formation region and then a thermal oxidation reaction is carried 
out. 

This thermal oxidation reaction proceeds due to diffusion of an oxidation seed, 
that is, oxygen or steam vapor, and due to a reaction on the interface between an oxide 
film and a semiconductor substrate. 

Because diffusion of the oxidation seed [proceeds] takes place three- 
dimensionally, [it proceeds] such diffusion is extended also to a location below the 
silicon nitride film at which location the oxide film is not desired to be formed. Because 
the shape of growth of the oxide film below the silicon nitride film has a shape of the 
beak of a bird, it is generally referred to as a "bird's beak". The growth of the bird's 
beak reduces an area of the device formation region. Therefore, restriction of this 
growth is [an] important [problem in order to accomplish] towards accomplishing a high 
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integration density. 

To restrict the growth of the bird's beak, a technology which forms grooves on a 
semiconductor substrate near the end portion of the silicon nitride film and oxidizes the 
inner wall of the grooves to form the device isolation regions has been developed in the 
past. A concrete method is described in JP-A-3-96249 and J P-A-4- 127433, for 
example. 

The silicon nitride film used as an antioxidation film generally has a great internal 
stress. Therefore, a high stress occurs in the proximity of the semiconductor substrate 
surface, too. When a shear stress component (resolved shear stress) in a direction of a 
slip plane of a crystal [(111) crystallographic plane in the case of a Si crystal] exceeds a 
limit value, dislocation occurs, and electric characteristics of a device are remarkably 
deteriorated. 

The strength of the semiconductor substrate remarkably drops near 1 ,000°C at 
which a thermal oxidation step is carried out in comparison with a temperature near 
room temperature, and dislocation is extremely likely to occur. Accordingly, stress 
control is also very important. 

In the ordinary thermal oxidation process, a thin thermal oxide film (which will be 
hereinafter referred to as a "pad oxide film") is first formed on the semiconductor 
substrate surface so as to protect the semiconductor substrate from the internal stress 
of the silicon nitride film, and the silicon nitride film is then deposited. The value of the 
resolved shear stress occurring in the semiconductor substrate below the end portion of 
the silicon nitride film can be limited to be below the dislocation occurrence limit by 
controlling the film thickness of this pad oxide film, and the occurrence of dislocation 
can be thus prevented. 
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When the grooves are formed on the substrate surface to restrict the growth of 
the bird's beak, however, the stress field occurring near the substrate surface is likely to 
change, and the value of the resolved shear stress increases in accordance with the 
depth of the grooves formed. 

Figs. 2A and 2B of the accompanying drawings illustrate an example of analysis 
of the relationship between the depth of the groove formed on the substrate surface and 
the resulting stress. The abscissa in Fig. 2B represents the groove depth (that is, an 
over-etch quantity D of the substrate) and the ordinate represents the maximum stress 
(that is, a maximum stress at the mask end). 

Incidentally, the ordinate is normalized by a stress value before the formation of 
the groove. It can be understood that the resulting stress increases due to the 
formation of the groove. A stress concentration field has existed at only the end portion 
of the silicon nitride film before the formation of the groove, but when the groove is 
formed, it also takes place at the lower end portion of the groove formed, too. These 
two stress concentration [field] fields interfere with each other and eventually increase 
the resolved shear stress component in the direction of the slip plane on the sidewalls 
of the groove. 

In this instance, there is the case where the resulting stress exceeds the 
dislocation occurrence limit value with the formation of the groove even when the stress 
value before the formation of the groove is below the dislocation occurrence limit value. 
As will be later described, this stress increase has dependence on the pattern 
dimension. Accordingly, when the grooves are formed on the semiconductor substrate 
surface, [any] an appropriate counter-measure must be taken lest the increased stress 
exceeds the dislocation occurrence limit value. 
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SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a device structure, or a groove 
formation method, which restricts the resulting stress below the dislocation occurrence 
limit value when the grooves are formed on the semiconductor substrate surface 
(particularly in the thermal oxidation process). 

It is another object of the present invention to provide a semiconductor device 
structure, and fabrication and design methods thereof, which prevent the occurrence of 
crystal defects in the thermal oxidation process in a semiconductor production process. 

Incidentally, the term "dislocation occurrence limit stress" means a limit value of 
the stress above which dislocation occurs in the silicon single crystal. The shear stress 
in the direction of the (111) slip plane of the silicon single crystal is used hereby as the 
stress, and is generally referred to as the "resolved shear stress". 

This stress value changes with a production method of a crystal, with an impurity 
concentration, with a temperature, and so forth. Therefore, a value corresponding to 
the material or temperature practically used must be employed. 

To accomplish the objects described above, the present invention stipulates the 
structural dimension so that a ratio of the width of the device formation region to the 
width of the device isolation region adjacent to the device formation region keeps a 
predetermined value at which the resulting stress is below the dislocation occurrence 
limit value. 

When the width dimension L . taken from 0.1 to 125um. of the device formation 
region is defined, the width dimension S . taken from 0.1 to 2.5pm of the device isolation 
regions so encompassing the device formation region as to correspond to a 
predetermined groove depth (in which the groove is formed in the device isolation area 
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before the isolation oxide film is formed), is made sufficiently great so that the ratio US 
is below a predetermined value. When the minimum value of the S dimension is 
defined, the width dimension L of the device formation region adjacent to the device 
isolation regions is designed so that the ratio L/S is below the predetermined value, by 
reducing the size of the device formation region or dividing the device formation region. 

The structural design can be made by executing stress analysis by using a finite 
element method, and the L or S dimension is stipulated so that the stress analysis 
(predicted) value is smaller than the dislocation occurrence limit stress. 

Generally, a semiconductor device such as a memory device comprises a 
memory portion and a peripheral circuit portion as shown in Fig. 16. In the memory 
portion, very small device formation regions having a size of about 1 pm and having the 
same shape are periodically arranged [while interposing] with the device isolation 
regions being interposed between them. In this memory portion, the values of L and S 
are not greater than about 1 pm in most cases. 

In the peripheral circuit portion, on the other hand, considerably greater device 
formation regions are so arranged as to [interpose] have the device isolation regions 
interposed between them. In this case, the shapes of the device formation regions 
adjacent to one another are not always the same. The values L and S described in the 
present invention are expressed by the values in the direction in which the S value of 
the adjacent device isolation region becomes minimal, that is, by the dimension of the 
major or minor side of the device formation region, and does not use the diagonal 
direction (e.g. LI, L2 or SI, S2, S3, S4 in Fig. 16). in the peripheral circuit, the L value 
exceeds several microns (pm) in many cases but the S value is mostly equal to that of 
the memory portion. Accordingly, the stress value is generally higher in the peripheral 
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circuit portion than in the memory portion. 

The value of the resulting stress changes with the internal stress of the silicon 
nitride film, its thickness, the thickness of the pad oxide film, the groove formation depth 
and the L/S dimension. The internal stress of the silicon nitride film can be measured 
from the warp of the silicon substrate, and the thickness of the pad oxide film, too, can 
be measured. 

The groove formation depth and the L/S dimensions are given as the design 
values. Therefore, structural analysis is possible. Analysis may be made by defining 
the L/S dimensions while groove formation depth is kept fixed at a predetermined value, 
or the depth and shape of the groove may be defined from the L/S dimensions. 

The internal stress of the silicon nitride film may be measured incessantly during 
the fabrication process, or a value stored as the data base may be used. The 
thickness of the silicon nitride film may be measured incessantly, too, or a value 
determined from the production condition of the film may be stored as the data base 
and may also be used. 

As to the thickness of the pad oxide film, [too] the thickness incessantly 
measured may be used, or the design (predicted) value determined by the film 
formation condition may be used as the data base. 

The dimension and the depth of the groove are defined by the etching condition. 
However, as will be later described, there is the case where the stress value greatly 
changes due to the change of the groove shape in the order of nanometer. Therefore, 
the value incessantly measured is preferably used, but the value predicted from the 
etching condition may be converted to the data base and may be used. 

Structural analysis may be carried out at the design stage before production, or 



6 



o o 

500.33045CC2 
Serial No.: 09/893,980 

the dimensions at a next production stage may be determined whenever the 
measurement values are obtained in the production process. The stress value obtained 
as [the] a result of analysis is compared with the strength data of the semiconductor 
substrate, and the L, S design values or the groove shape is adjusted so that the 
resulting (predicted) stress value does not exceed the strength. 

The strength data to be compared with the analytical value may be the data of 
the experimental data base or the empirical values obtained by comparative 
examination of the past defective data (occurrence of dislocation) may be used, as well. 

When the oxidation process conditions such as the thickness and internal stress 
of the silicon nitride film, the thickness of the pad oxide film, the groove shape, etc., are 
fixed, it becomes possible to analyze in advance the resulting stress in accordance with 
the L and S dimensions. In this case, since the L and S dimensions at which 
dislocation is expected to occur can be clarified, a design chart representing the 
dislocation occurrence region is prepared beforehand, and the L and S dimensions can 
be selected and determined in such a manner as to avoid the danger region^ on this 
chart, at the design stage. 

Hereinafter, the outstanding features of the present invention will be explained in 
accordance with categories. 

(Semiconductor memory device) 

The semiconductor memory device according to the present invention includes a 
memory portion and a peripheral portion formed on a semiconductor substrate, wherein 
each of the portions comprises device isolation regions and device formation regions 
made of a thermal oxide film as a principal constituent material, and wherein a ratio L/S 
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of the width dimension S of the device isolation region and the width dimension L 
adjacent to one another in the peripheral circuit portion is not greater than an upper limit 
value which is stipulated by a dislocation occurrence limit stress value inside the 
semiconductor memory portion, and S is at least 0.1 pm. When S becomes great, the 
upper limit value drops. The lower limit of S is set to at least 0.1 pm in consideration of 
the minimum machining dimensional limit of 1-giga DRAMs (hereinafter the same). If 
the lower limit of S is set to 0, the device isolation region does not exist. Here, the term 
"peripheral circuit portion" represents the circuit portion which does not store the data in 
the memory device (hereinafter the same). This peripheral circuit portion must be 
arranged in such a manner as to satisfy both of the requirements that L is A preferably^ 
as great as possible so as to increase a current capacity [and] while [that] the overall 
chip size \s x preferably^ as small as possible [on the contrary]. 

The value of the ratio L/S of the width [dimension S] dimension L of the device 
[isolation] formation region to the width [dimension L] dimension S of the device 
[formation] isolation region adjacent [to] thereto [one another in the device formation 
region] in the peripheral circuit portion described above, is not greater than 50, and S is 
at least 0.1 p. As to the value 50, refer to Fig. 4. 

[The] In the peripheral circuit portion, the ratio L/S of the width [dimension S] 
dimension L of the device [isolation] formation region to the width [dimension L] 
dimension S of the device [formation] isolation region adjacent [to one another in the] 
thereto [peripheral circuit portion] is at least 2. it is desired from the beginning that the 
memory is fabricated by the minimum possible machining dimension. Accordingly, if S 
can be machined by 1 pm, for example, it has not been necessary in the past to 
intentionally set L to 2 pm. tn contrast, the present invention proposes that the value L/S 
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is at least 2 so as to prevent the occurrence of dislocation even by making S small. 

The width dimension of the device isolation regions encompassing the device 
formation regions in the peripheral circuit portion and made of the thermal oxide film as 
the peripheral constituent material is not smaller than the lower limit value which is 
defined by the relationship between the width dimension of the device formation region 
and the dislocation occurrence limit stress value inside the semiconductor memory 
device. 

The width dimension of the device isolation regions encompassing the device 
formation region in the peripheral circuit portion and made of the thermal oxide film as 
the principal constituent material is A preferably,, at least 0.1 pm. 

The width dimension of the device formation region, which is encompassed by the 
device isolation regions [encompassing the device formation region and] made of the 
thermal oxide film as the principal constituent material in the periphery circuit portion, is 
not greater than the upper limit value defined by the relation between the width 
dimension of the adjacent device isolation region and the dislocation occurrence limit 
stress value inside the semiconductor memory device. 

The width dimension of the device formation region encompassed by the device 
isolation regions encompassing the device formation region in the peripheral circuit 
portion and made of the thermal oxide film as the principal constituent material \s ± 
preferably., up to 5 pm. 

Here, many device isolation regions adjacent to the device formation region L exist 
around, but the smaller S should be selected. The S width existing on the diagonal line 
of the device formation region [is] does not [worthy of] merit consideration. For, the 
width is determined by the shortest dimension encompassing the device formation 



9 



o o 

500.33045CC2 
Serial No.: 09/893,980 

region. 

Incidentally, the silicon nitride film is the one that is formed on the device formation 
region before thermal oxidation so as to prevent oxidation, and is removed at 
subsequent steps. 

(Stress analysis method of semiconductor device) 

The stress analysis method according to the present invention analyzes the stress 
occurring in the proximity of the groove formation region from the internal stress of the 
silicon nitride film and its thickness, the thickness of the pad oxide film, the depth of the 
groove to be formed in the device isolation region, the width of the device isolation 
region and the width of the device formation region adjacent to the device isolation 
region, by numerical analysis means. Here, the numerical analysis means is preferably 
a finite element method (hereinafter the same). 

Fig. 17 shows the outline of the flow of oxidation stress analysis. 

A pad oxide film is formed (71) on an initial stage substrate (wafer) by a thermal 
oxidation method, and a silicon nitride film is formed (72) on the pad oxide film by a 
CVD method. At this time, an internal stress (oi) of the silicon nitride film is taken into 
consideration in stress analysis. Next, stress fluctuation when pattern is effected in 
accordance with the dimensions S, L of the device isolation region and the device 
formation region is analyzed. In this case, analysis is effected while an over-etch depth 
D of the substrate occurring at the time of etching is taken into consideration. This state 
is the initial shape of the oxidation. Thermal stress analysis is made when the overall 
temperature is raised (74) to the oxidation temperature, and oxidation thermal analysis 
is thereafter effected. 
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The structural equation based on a viscoelastic model and used for stress analysis 
is shown by equation (1) , where a is a stress, £,e e and e v are a strain, a thermal strain 
and viscous strain, respectively, D is a material moduli matrix, p is a ratio of Young's 
moduli El and E2 in the viscoelastic model, and ai is an intrinsic stress of a thin film, 
and the detail of the stress analysis using this structural equation is described in the 
cited reference: 

As = (D + AD) (Ac - As q - bA£ v ) + AD»D' 1 (a - o,)... (1 ) 
a : stress 
e : strain 

e e : thermal strain 

8 V : viscous strain 

D : material moduli matrix 

P : ratio of Young's moduli El and E2 

ai : intrinsic stress. 

(Stress distribution chart of semiconductor device) 

A stress distribution chart effective for the present invention represents the stress, 
which occurs in the proximity of the groove formation region and is determined by using 
a numerical analysis means from the internal stress of the silicon nitride film, its 
thickness, the thickness of the pad oxide film, the depth of the groove formed in the 
device isolation region, the width of the device isolation region and the width of the 
device formation region adjacent to the device isolation region, by using the device 
isolation region and the device formation region as parameters. 
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The stress distribution chart directly plots the stress values of the results of 
analysis using L and S as the parameters for each process specification as shown in 
Figs. 19A to 19C, wherein the abscissa and the ordinate represent L and S. The values 
of the stress may be written to the chart as numerical data, or the chart may employ the 
contour line expression. The contour line display may be line data or a region 
exceeding a predetermined value may be displayed by a color or a pattern as shown in 
the drawing. 

A design chart is prepared by dividing the stress value g by the dislocation 
occurrence limit stress value and displaying the regions, in which the quotient 
exceeds 1 , as shown in Figs. 20A and 20B. Since the occurrence of dislocation is 
predicted in the display region, a designer using this chart makes dimensional design so 
that the design dimensions of L and S (their combination) do not fall within this region, 
or when it is desired to use the dimensions falling within this region, the designer 
changes the process specification so that the dimension does not fall within the 
dislocation occurrence prediction region. As shown in the drawings, the display method 
of the design chart may employ individual display for each process specification, or may 
collectively display a plurality of process specifications. 

Here, the calculation formula of a/a c can be expressed by the following equation 
(2), for example: 

o/o c = [{0.78 + 0.054D - 0.00086D 2 } 



+ {-0.040tp + 0.00086t p 2 } + {-0.01 1, 
+ 0.000051 t n 2 }] 



X [0.043 + 0.61L - 0.14L 2 + 0. 015L 3 ] 



X [1.4 - 0.49S + 0.1 8S 2 - 0.021 S 3 ] 



(2) 
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where 

tp : thickness of pad oxide film (nm) 

tn: thickness of nitride film (nm) 

d: over etch depth of silicon substance (nm) 



The stress A, which occurs in the proximity of the groove formation region and is 
determined by the numerical analysis means from the internal stress of the silicon 
nitride film, its thickness, the thickness of the pad oxide film, the depth of the groove 
formed in the device isolation region, the width of the device isolation region and the 
width of the device formation region, is normalized (A/B) by the dislocation occurrence 
limit stress B of the semiconductor substrate at the highest temperature of the oxidation 
step, and the region in which the normalization value exceeds 1 and the occurrence of 
dislocation is predicted is clearly represented by the design chart using the width 
dimensions of the device isolation region and the device formation region as the 
parameters. In this case, the move-back (etch-back) distance of the pad oxide film is 
preferably used as a parameter for representing the dislocation occurrence prediction 
region. The finite element method is effective for the numerical analysis means. 

(Semiconductor production apparatus) 

The first semiconductor production apparatus according to the present invention 
comprises means for measuring the thickness of the pad oxide film, the thickness of the 
silicon nitride film and its internal stress, respectively, an arithmetic unit for effecting 
numerical analysis by using the measurement values, and the design values of the 
width of the device formation region and the width of the device isolation region 
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adjacent to the device formation region, a display device or a data display matter such 
as paper for displaying the design chart described above, and decides the substrate 
groove formation depth at the time of removal of the silicon nitride film before selective 
oxidation. Here, the form may be an apparatus of one package, or may be the form of 
a discrete system having each function. 

The second semiconductor production apparatus according to the present 
invention comprises means for measuring the thickness of the pad oxide film, the 
thickness of the silicon nitride film and its internal stress, respectively, means for 
measuring the width of the device formation region and the width of the device isolation 
region adjacent to the device formation region, means for measuring the depth of the 
groove formed in the substrate surface at the time of removal of the silicon nitride film 
before selective oxidation, an arithmetic unit for effecting stress analysis by using the 
measurement results, a memory device for preserving design strength data (design 
chart or stress distribution chart), and means for deciding and displaying the move-back 
(etch-back) distance of the pad oxide film at which dislocation does not occur at the 
time of selective oxidation, by comparing the results of analysis with the strength data 
(see dimension B in Fig. 2A). 

(Design method of semiconductor device) 

In the semiconductor device according to the present invention, the design method 
of the semiconductor device comprises a step of effecting stress analysis by using the 
thickness of the pad oxide film, the thickness of the silicon nitride film and its internal 
stress, and the substrate groove formation depth at the time of removal of the silicon 
nitride film before oxidation, and a step of deciding (A) the width of the device formation 
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region and the width of the device isolation region adjacent to the device formation 
region, and/or (B) the groove formation depth. 

(Fabrication method of semiconductor device) 

(A) The fabrication method of the present invention includes a step of 
effecting stress analysis by using the thickness of the pad oxide film, the thickness of 
the silicon nitride film and its internal stress, the width dimension of the device formation 
region, the width dimension of the device isolation region adjacent to the device 
formation region, and the depth of the groove formed on the substrate surface at the 
time of removal of the silicon nitride film before selective oxidation, and a step of 
deciding the move-back (etch-back) distance of the pad oxide film at which dislocation 
does not occur at the time of selective oxidation and etching back the pad oxide film. 

(B) The pad oxide film is etched back by at least 4 nm before the 
thermal oxidation step. 

(C) Stress (numerical) analysis is effected by using the thickness of the 
pad oxide film, the thickness of the silicon nitride film and its internal stress, the width of 
the device formation region and the width of the device isolation region adjacent to the 
device formation region, and the substrate groove formation depth at the time of 
removal of the silicon nitride film before selective oxidation can be thus determined. 

(D) The width dimension of the device isolation region or the width 
dimension of the device formation region is determined so that the stress, which occurs 
in the proximity of the groove formation region and is determined by the numerical 
analysis means by using the internal stress of the silicon nitride film and its thickness, 
the thickness of the pad oxide film, the depth of the groove formed in the device 
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isolation region, the width of the device isolation region and the width of the device 
formation region adjacent to the device isolation region, is not higher than the 
dislocation occurrence limit strength. 

(E) The width dimension of the device isolation region encompassing 
the device formation region and made of the thermal oxide film as the principal 
constituent material is set to be not lower than the lower limit value which is defined by 
the thickness of the silicon nitride film and its internal stress, the thickness of the pad 
oxide film, the depth of the groove formed on the substrate surface, and the relation 
between the width of the device formation region and the dislocation occurrence limit 
stress value inside the semiconductor device. 

(F) The width dimension of the device formation region encompassed 
by the device isolation region made of the thermal oxide film as the principal constituent 
material is set to be not higher than the upper limit value which is defined by the 
thickness of the silicon nitride film and its internal stress, the thickness of the pad oxide 
film, the depth of the groove formed on the substrate surface, and the relation between 
the width dimension of the adjacent device isolation region and the dislocation 
occurrence limit stress value. 

(Semiconductor device) 

In the semiconductor device according to the present invention, the device 
formation region preferably has a width dimension of at least 4pm and the width 
dimension of the device isolation region encompassing the device formation region and 
made of the thermal oxide film as the principal constituent material is preferably at least 
1pm. 
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The smaller the S dimension and the greater the L dimension, the more likely 
becomes the resulting stress to increase. In the example shown in Fig. 3B, for 
example, when the S dimension is 2 pm, the resulting stress exceeds the dislocation 
occurrence limit stress in the region in which the L dimension is at least 2 pm. When 
the S dimension is 4 pm, on the other hand, it is when the L dimension is at least 4 pm 
that the resulting stress exceeds the dislocation occurrence limit. 

Accordingly, when the dimensions and the arrangement of the device isolation 
region and the device formation region are designed, either one of the L and S 
dimensions [is first] can be determined first , and then the other is designed to the 
dimensional region in which dislocation does not occur. 

From this aspect, each of the inventions described above sets the ratio of the 
width dimension of the device formation region to that of the device isolation region 
adjacent to the former to the value at which the resulting stress is below the dislocation 
occurrence limit value. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic view of a three dimensional LOCOS shape; 

Figs. 2A and 2B are explanatory views useful for explaining an example of 
analysis of a stress increasing state when a groove is formed in an embodiment of the 
present invention; 

Figs. 3A and 3B are explanatory views useful for explaining an example of 
analysis of dependence of a resulting stress on an L/S dimension in an embodiment of 
the present invention; 

Fig. 4 is a design chart according to an embodiment of the present invention; 
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Fig. 5 is a schematic sectional view showing a sectional dimension of a device 
isolation step in an embodiment of the present invention; 

Fig. 6 is a plan view of formation of a device isolation region in an embodiment of 
the present invention; 

Fig. 7 is a sectional view taken along a line VII-VII of Fig. 6; 

Fig. 8 is a sectional view taken along a line VIII-VIII of Fig. 6; 

Fig. 9 is a sectional view taken along a line IX-IX of Fig. 6; 

Fig. 10 is a flow chart showing a method of deciding a width dimension of a device 
formation region or of a device isolation region in an embodiment of the present 
invention; 

Fig. 11 is a schematic view showing a sectional structure of a semiconductor 
device after formation of a groove in an embodiment of the present invention; 

Fig. 12 is a characteristic diagram useful for explaining the relationship between 
[move-back] etch-back distance of a pad oxide film and a maximum stress near a 
groove end portion in an embodiment of the present invention; 

Fig. 13 is a schematic view showing a sectional structure of the device after 
[move-back] etch-back of the pad oxide film in an embodiment of the present invention; 

Fig. 14 is a flow chart showing a method of deciding a width dimension of a device 
formation region or of a device isolation region in consideration of a groove formation 
depth in an embodiment of the present invention; 

Fig. 15 is a micrograph of a crystal structure of a semiconductor, and shows an 
example of formation of a device isolation region in an embodiment of the present 
invention; 

Fig. 16 is a schematic view [sowing] showing an S dimension and an L dimension 
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in a peripheral circuit inside a semiconductor memory device; 
Fig. 17 is a flow chart showing steps of stress analysis; 
Fig. 18 is a circuit diagram showing a viscoelastic model for stress analysis; 
Figs. 19A to 19C are stress distribution charts; 
Figs. 20A and 20B are design charts; and 

Fig. 21 is a flow chart showing a design process and a fabrication process of a 
semiconductor using stress analysis. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Hereinafter, preferred embodiments of the present invention will be explained with 
reference to the accompanying drawings. First, the principle of the present 
invention will be explained. 

Let us consider the case where a groove having a width S is formed in a direction 
parallel to a <1 10> crystal axis on a silicon crystal (100) plane orientation substrate 1 
before thermal oxidation, as shown in Fig. 3A. Fig. 3B shows an example of analysis of 
a predicted value of a resulting stress when a thermal oxide film 2 is formed under the 
condition where a groove formation depth is 10 nm, an internal stress of 
a silicon nitride film 4 is 1 ,500 MPa, its thickness is 1 50 nm and the thickness of a pad 
oxide film 3 is 10 nm, by using L and S dimensions of a device formation region as 
parameters. 

The abscissa in Fig. 3B represents the L dimension (unit: pm) and the ordinate 
represents a maximum value of a resolution shear stress component in the proximity of 
the groove in the direction of a (1 1 1) crystallographic plane as a slip plane of the silicon 
single crystal substrate. However, the ordinate is normalized by a dislocation 
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generation limit intensity of the silicon substrate at [100°C] 1000°C . 

Generally, the resulting stress tends to increase when the S dimension is small 
and the L dimension is great. This analytical example reveals that when the S 
dimension is 2 p, the resulting stress exceeds the dislocation generation limit stress in 
the region of the L dimension of at least 2 pm at which a/a c = 1 on the other hand, when 
the S dimension is 4 pm, it is when the L dimension is at least 4 pm that the resulting 
stress exceeds the dislocation generation limit. 

To design the dimensional arrangement of the device isolation region and the 
device formation region, therefore, it is necessary to first determine either the L 
dimension or the S dimension and then to design the other to a dimensional region in 
which dislocation does not occur. However, there are the cases where the dimension is 
set to a region in which fabrication of the thin film is difficult, and in such cases, the 
balance of the overall dimension must be adjusted. 

Further, the resulting stress changes in accordance with the groove formation 
depth, too, as has already been explained with reference to Figs. 2A and 2B. Therefore, 
when the adjustment of the L dimension or the S dimension is difficult, the groove 
formation depth is preferably reduced, in this way, the dislocation occurrence region can 
be reduced and a designable region can be explained. 

Fig. 4 shows an example of design chart preparation for a suitable design for 
preventing the occurrence of dislocation on the basis of this analytical example. The 
abscissa in the diagram represents the S dimension and the ordinate [does] represents 
the L dimension. In the diagram, hatching represents the regions in which the 
occurrence of dislocation is predicted. The diagram represents an analytical example 
using the groove formation depth as a parameter. When the groove formation depth 
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increases from 10 nm to 20 nm, the dislocation occurrence pattern region expands, as 
can be seen from the diagram. According to this chart, design may be carried out by 
selecting the combination of the L/S dimensions which inhibits the occurrence of 
dislocation when the groove formation groove is fixed. When the L/S dimension is 
fixed, on the contrary, a groove depth which inhibits the occurrence of dislocation at that 
dimension may be adopted as a process design value. 

When the fabrication process is fixed, it becomes possible to design in advance 
the L dimension and the S dimension of the device formation region and the device 
isolation region adjacent to each other to the combination of the values which inhibits 
the occurrence of dislocation, at a product pattern design stage, by preparing such a 
design chart. In this way, the occurrence of dislocation at the fabrication stage can be 
prevented, and the drop of the yield of the products can be prevented, as well. 

The stress analysis or the preparation of the design chart is possible if the 
conditions of the thermal oxidation process (such as the internal stress and thickness of 
the silicon nitride film, the thickness of the pad oxide film, the groove formation depth, 
etc.) used in the practical fabrication process of the products are clarified. In 
consideration of the practical fabrication process, it is known that fabrication variance 
(tolerance) always exists. Accordingly, design must be so made at the design stage as 
to secure a process margin to a certain extent by taking this variance into consideration. 

On the spot of actual fabrication, it is possible to change or correct the design 
value of a next step by following the fabrication steps and measuring the actual values. 
In other words, the thickness of the pad oxide film is first measured, and any error from 
the design value is confirmed. When the thickness of the pad oxide film is greater than 
the design value, the design margin to the stress increases. Therefore, there is no 
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critical problem, in particular. However, when the thickness is smaller, the resulting 
stress increases. Accordingly, oxidation is additionally carried out so as to correct the 
film thickness to a predetermined value, or warning is given to subsequent steps. 

Next, the internal stress is measured (from warp of the wafer, for example) after 
deposition of the silicon nitride film, and a difference from the set value (predicted 
value) at the initial design stage is grasped. When the measured value is smaller than 
the set value, there is no particular problem because the design margin to the stress 
increases. 

When the internal stress is higher, however, the quantity of increment of the stress 
occurring at the time of formation of the groove, inclusive of the data of the thickness of 
the pad oxide film of the preceding stage, must be examined once again. 

The next groove formation depth is corrected in accordance with the result of 
evaluation. In this way, the occurrence of dislocation can be prevented, and the present 
invention can be effectively applied to the site of actual fabrication. 

Incidentally, there may be the case where the correction value of the groove depth ' 
is improper for reasons other than the stress. In such a case, the silicon nitride film is 
once removed and is then deposited once again, or the silicon nitride film is partially 
removed so as to reduce the film thickness, or the fabrication of that lot is cancelled. 
Which of these counter-measures is to be taken is decided in consideration of the 
fabrication cost, and so forth. 

In any of these cases, fabrication can be continued without permitting the 
occurrence of dislocation in vain, so that the drop of yield as well as the increase of the 
cost can be prevented. 

A thin pad oxide film 3 is formed on a semiconductor substrate (Si wafer) by 
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thermal oxidation (which deposits an oxide film by exposure to an oxidizing 
atmosphere), and then a silicon nitride film is uniformly deposited. Thereafter, a part of 
the pad oxide film is removed locally and selectively with a part of the silicon nitride film. 
At this time, a part of the silicon substrate is removed simultaneously, too (see Fig. 13). 
Next, only the remaining pad oxide film 3 is etched back (Fig. 13) and then a thick oxide 
film 2 is formed on the groove of the substrate 1 as shown in Fig. 3. 

(Example 1) 

Figs. 1 to 5 show the first example of the present invention. 

Fig. 1 shows the structure of an MOS transistor employing a device isolation 
structure of the semiconductor device according to the present invention. In this 
example, the device isolation region is formed into a stripe form. Fig. 5 shows an initial 
sectional shape at the time of formation of the device isolation region. Figs. 2A and 2B 
shows an example of analysis of the relation between the groove depth at the time of 
the initial shape formation and a maximum value of the stress occurring in the substrate 
in the proximity of the lower end of the silicon nitride film. Fig. 4 shows an example of a 
design chart obtained by analyzing the stress occurring due to the combination of the 
dimension of width S of the device isolation region and the dimension of width L of the 
silicon nitride film by using the groove formation depth as a parameter, and representing 
the dislocation occurrence region from the relationship with the substrate intensity. 

In this example, a shallow groove shown in Fig. 5 is formed in the silicon substrate 
surface of the region in which the device isolation structure is formed. This shallow 
groove may be formed either [intentially] intentionally , or may be formed unavoidably 
when the silicon nitride film is removed. Though the thickness of the silicon nitride film 
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and the thickness of the pad oxide film are assumed to be 1 50 nm and 1 5 nm, 
respectively, the present invention is not necessarily limited to this combination. 

When such a shallow groove is formed, the stress of the silicon substrate surface 
near the silicon nitride film increases in accordance with the groove depth as shown in 
Fig. 2B. It can be understood from Fig. 2B that when the groove formation depth 
exceeds about 6 nm, the value of the resulting stress exceeds the dislocation 
occurrence limit stress at the formation temperature of the device isolation oxide film. 
This phenomenon depends on the combination of a width L dimension of an arbitrary 
device isolation formation region and its gap S dimension, and the increase of the 
stress has dependence on the L and S dimensions. An analytical example of this 
dependence is shown in Figs. 3A and 3B. 

Fig. 3B shows analytical examples where the gap width of the device isolation 
regions is assumed to be 2 pm and 4 pm. When the gap of the device isolation regions 
is 2 pm, for example, the value of the resulting stress exceeds the dislocation 
occurrence limit stress at the formation temperature of the device isolation oxide film in 
the groove depth region of at least 2 pm, and when the gap is 4 pm, the resulting stress 
exceeds the dislocation occurrence stress when a groove of at least 4 nm is formed. 

Fig. 4 shows a region, in which the occurrence of dislocation is predicted, when 
analysis is effected by the combination of an arbitrary L dimension (dimension of the 
device formation region) or an S dimension [(gap] (dimension of device isolation 
regions). The abscissa in Fig. 4 represents the S dimension and the ordinates does the 
L dimension. The hatched regions represents those regions in which the resulting 
stress is expected to exceed the dislocation occurrence limit stress at the formation 
temperature of the device isolation oxide film. 
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Accordingly, in the structure shown in Fig. 1, the combination of the L dimension 
and the S dimension is, selected so as not to enter the hatched regions in Fig. 4. When 
the S dimension is defined, the L dimension is so selected as not to enter the hatched 
region and when L dimension is defined, the S dimension is so selected as not to enter 
the hatched regions. 

When both of the L and S dimensions do not fall within a desired range, the 
groove formation depth is adjusted. In other words, since the dislocation occurrence 
region becomes narrower with a smaller groove formation depth, the application range 
of the L and S dimensions can be expanded. 

In this example, it is possible to design in advance the L dimension and the S 
dimension of the device formation region and the device isolation region adjacent to 
one another to the combination of the values which does not generate dislocation at the 
product pattern design stage. Accordingly, the occurrence of dislocation at the 
fabrication process as well as the drop of the yield of the product can be prevented. 

(Second Example) 

The second example of the present invention will be explained with reference to 
Figs. 6 to 9 and Fig. 15. Fig. 6 is a plan view showing a device isolation oxide film 
formation region of the semiconductor device in this example, Fig. 7 is a sectional view 
taken along a line VII-VII of Fig. 6, Fig. 8 is a sectional view taken along a line VIII-VIII 
of Fig. 6, Fig. 9 is a sectional view taken along a line IX-IX of Fig. 6, and Fig. 15 shows 
an example of device isolation oxide film formation corresponding to a region along a 
line VIII-VIII. 

In this example, device isolation regions are formed in such a manner as to 
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encompass a device formation region as shown in Fig. 6. Incidentally, though each 
device isolation region in this example is shown shaped into an elliptic shape, it need 
not be elliptic but may be an arbitrary shape. 

Though Fig. 6 shows four device isolation regions, the number of device isolation 
regions need not be limited to 4 but may be an arbitrary number. Further, the shape of 
the device isolation regions need not be the same, and their arrangement (the gaps 
between the device isolation regions and their mutual positional relationship) need not 
be particularly limited. 

When the sectional views of Figs. 7 and 8 are compared with each other in this 
example, the S dimension is the same but the L dimension in Fig. 7, that is, the L 
dimension along line VII-VII in Fig. 6, is greater. 

Accordingly, when the depth of the groove formed during the formation of the 
device isolation regions (which groove may be formed intentionally or may be formed 
unavoidably as has been explained in the first example) is constant in the planar region 
of Fig. 6, the resulting stress in the region along the line VII-VII having a greater L 
dimension is greater than the resulting stress of the region along the line VIII-VIII 
because the S dimension is constant. 

On the other hand, when the sectional view along the line IX-IX shown in Fig. 9 is 
compared with the sectional view along the line VII-VII shown in Fig. 7, the S dimension 
is greater in the section along the line IX-IX and the L dimension is smaller. 
Accordingly, in the three sections described above, it can be understood from Fig. 3 or 
4 that the resulting stress at the position along the line VII-VII becomes maximum. 

Accordingly, when the dimension of the device isolation structure is decided in this 
example in such a manner that the resulting stress in the section along the line VII-VII is 
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below the dislocation occurrence limit, the stress occurring in other regions is always 
below this value, and the trouble of the occurrence of dislocation in the device isolation 
step can be eliminated. Accordingly, the design chart is prepared in accordance with 
the groove formation depth by the procedures described in the first example and shown 
in Figs. 3 or 4, and the L and S dimensions may be suitably selected in the region in 
which dislocation does not occur. 

When the desired L and S dimensions cannot be obtained at a predetermined 
groove depth, the groove formation depth is reduced so that the combination of the 
desired L and S dimensions does not fall within the dislocation occurrence region. 

When the device isolation regions have arbitrary shapes or when an arbitrary 
number of device isolation regions exist, too, design may be made in such a manner 
that the position at which the resulting stress attains maximum (basically, the position at 
which the US ratio is the greatest) is clarified among the combinations of the device 
formation region width L and the device isolation region width S adjacent to one 
another, and the S and L dimensions or the groove formation depth is selected so that 
the resulting stress at that position is below the dislocation occurrence stress. 

Incidentally, the design values of the device formation region width dimension L 
and the device isolation region width S shown in Fig. 15 are different from the actual 
values, and the L dimension is small while the S dimension is great. This is because 
the oxidation reaction proceeds due to three-dimensional diffusion of the oxidation seed 
and consequently, the oxidation reaction unavoidably proceeds below the silicon nitride 
film, too. 

The present invention stipulates the silicon nitride film width to L and the gap 
between the adjacent silicon nitride films to S as shown in Fig. 15, but includes also U 
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and S' dimensions which permit the substantial change of about 0,1 pm, for example, 
as the dimensional change due to three-dimensional diffusion of the oxidation seed. In 
this example, the L and S dimensions of the device formation region and the device 
isolation region adjacent to one another can be designed in advance at the product 
pattern design stage to the combination which does not permit the occurrence of 
dislocation. Therefore, the occurrence of dislocation at the fabrication stage and the 
drop of yield can be prevented. 

(Third-Example) 

The third example of the present invention will be explained with reference to Figs. 
10 to 14. 

Fig. 10 is a flow chart representing the procedures for determining the width L 
(silicon nitride film width L) of the device formation region and the width S of the device 
isolation oxide film formation region adjacent to the former for preventing the 
occurrence of dislocation described in the first or second example of the present 
invention, and the groove depth [B] D formed in advance in the region in which the 
device isolation oxide film is formed. Fig. 1 1 is a sectional view when the 
semiconductor device designed in accordance with the flow chart and fabricated in 
practice through the oxidation step 81 and the oxidation end step 82 shown in Fig. 21. 

Fig. 12 shows the result of analysis of the relationship between the move-back 
distance of the pad oxide film as a counter-measure for mitigating the stress when the 
groove formation depth is greater than the design value, and the resulting stress in the 
proximity of the groove end portion. 

Fig. 13 shows the sectional structure after the pad oxide film is moved back by 
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etching so as to practically reduce the resulting stress below the dislocation occurrence 
limit. 

Fig. 14 is a flow chart representing the procedures for determining the width L 
(silicon nitride film width L) of the device formation region and the width S of the device 
isolation oxide film formation region adjacent to the former, in consideration of the case 
where the groove formation depth is different from the design value, the groove depth 
[B] D formed in advance in the region in which the device isolation oxide film is formed, 
and the move-back distance B of the pad oxide film when the pad oxide film is etched 
back as one of the counter-measures. 

As represented by the first or second example, the width dimension of the device 
formation region and that of the device isolation oxide film region adjacent to the device 
formation region can be designed by determining the dimensions and arrangement in 
accordance with the flow chart shown in Fig. 10 so that dislocation does not occur. 
However, fabrication cannot always be made in accordance with the design dimensions 
on the actual fabrication site because machining tolerance exists and characteristics of 
machines change with time depending on the environment of use. 

As an example, Fig. 1 1 shows the sectional structure of the semiconductor device 
in which the groove depth formed actually in the fabrication process exceeds the design 
value. The conventional fabrication method involves the problem that if the oxidation 
process [is] as such iscontinued, dislocation always occurs. Therefore, there is no way 
but to discard the intermediate products when the actual groove depth exceeds the 
design value at the groove depth measurement stage. It has been clarified, however, 
that when the pad oxide film is partially etched back as a new counter-measure against 
the stress, the occurrence of dislocation can be prevented. 
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Fig. 12 shows an example of analysis of the relationship between the move-back 
distance of the pad oxide film and the maximum stress at the groove end portion. In 
this example, the design value of the groove formation depth is 10 nm, whereas it is 
formed actually into the depth of 15 nm. The abscissa in the drawing represents the 
move-back distance of the pad oxide film and the ordinate [does] represents the 
maximum stress near the groove end portion. 

Because the groove formation depth proves to be 15 nm, the resulting stress 
exceeds the dislocation occurrence limit stress value, but stress mitigation can be 
accomplished by moving back the pad oxide film and thus dispersing the stress 
concentration position. In other words, when the pad oxide film is moved back, the end 
of the pad oxide film serves as a point for supporting the stress of the silicon nitride film. 
Accordingly, the portion near the upper end of the groove is released from the stress 
from the silicon nitride film, and the stress becomes zero. 

Since the distance between the end of the pad oxide film and the stress 
concentration position at the lower end of the groove becomes great, too, the influences 
of mutual interference become smaller and eventually, the degree of stress 
concentration formed in the vicinity of the groove side wall becomes lower, and stress 
mitigation can be thus accomplished. 

It can be understood that in this example, the resulting stress can be again limited 
below the dislocation occurrence limit by moving back the pad oxide film by about 4nm 
More concretely, Fig. 13 shows an example of the sectional structure when the pad 
oxide film is moved back. The design and the procedures for determining the counter- 
measure method are shown in the flow chart of Fig. 14. The pad oxide film can be 
etched back by an etching solution of a hydrofluoric acid type. The etch-back quantity 
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can be controlled by an etching time by measuring in advance the etching rate. 

As is obvious from Fig. 12, the greater the etch-back distance of the pad oxide 
film, the higher becomes the stress mitigation effect. Accordingly, it is better to set the 
etching time to a longer time with some margins (to an etch-back distance of at least 
6nm, for example) than to set it to the exact time for accomplishing the stress mitigation 
(the etch-back of 4 nm in this example). 

Incidentally, since the etch-back distance of the pad oxide film depends on the 
groove depth, the value 4 nm illustrated in this example is not always optimal and the 
optimum dimension must be decided in accordance with the actual structural 
dimension. According to this example, the L and S dimensions of the device formation 
region and the device isolation region adjacent to the former can be designed in 
advance at the product pattern design stage to the combination which does not cause 
dislocation, and even when the groove formation depth becomes greater than the 
design depth in the actual fabrication stage, the occurrence of dislocation at the 
fabrication stage can be prevented by adding an etching process which etches back the 
pad oxide film by a suitable distance. In this way, the drop of yield of the product can 
be prevented. 

In the semiconductor devices, the present invention can design in advance the L 
and S dimensions of the device formation region and the device isolation region 
adjacent to the former at the product pattern design stage to the combination of the 
values which do not invite the occurrence of dislocation, can thus prevent the 
occurrence of dislocation at the fabrication stage and can eventually prevent the drop of 
yield of the products. 
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